T opical antibiotics have been used in many surgical subspecialties in an attempt to minimize wound infection with mixed results. [1] [2] [3] 5, 6, [10] [11] [12] 14, 15, 21, 22, 24, 25, [27] [28] [29] Our group's recent 10-year retrospective study showed that the application of bacitracin antibiotic powder to wounds during CSF shunt surgery was associated with a reduction in shunt infection rates.
risk factors for shunt infection included the presence of a tracheostomy or a gastrostomy tube. The only protective factor for shunt infection was the application of bacitracin powder just prior to wound closure. 4 Future randomized controlled trials have been suggested before the use of topical antibiotics can be widely recommended.
The properties of bacitracin make it an ideal candidate for local administration. At a concentration of 200 U/ml, bacitracin demonstrated a bactericidal "kill" of greater than 90% at 1 hour and 50% after only 1 minute. 9, 16, 17 Bacitracin also exhibits some detergent properties (which is why it causes solutions to froth). Experiments have shown a 54% reduction in bacterial adherence after only a 30-minute exposure to bacitracin. Therefore, the use of local bacitracin combines both bactericidal and adherence reduction properties to prevent infection. 13, 17 The complications of intravenous and intramuscular bacitracin have been well described, including renal dysfunction, anaphylaxis, and impaired wound healing. [18] [19] [20] 23, 30 However, the potential adverse effects from topical administration of bacitracin into wounds has not been extensively studied. To more thoroughly address these concerns, we further scrutinized the medical records from our patient cohort in the bacitracin powder shunt study, 4 specifically analyzing patient outcomes related to the potential complications of using topical high-dose bacitracin powder.
methods study Population
This study was approved by the Institutional Review Board of All Children's Hospital in St. Petersburg, Florida. In the current study, we reanalyzed the same patient cohort previously used to study the effect of bacitracin powder on CSF shunt infection rates in children over a 10-year period. 4 Of the 658 patients who underwent surgery by the corresponding author (G.F.T.) at All Children's Hospital during that time period, we previously reported on 539 patients who had at least 180 days of follow-up, to assess shunt infection. In the current study of the possible complications associated with bacitracin powder use, we included patients with a minimum follow-up of 90 days, which allowed us to analyze 597 of the 658 patients who underwent surgery during the designated time period.
data collection
A retrospective chart review of all cranial shunt procedures between January 2001 and March 2013 was performed to specifically assess preoperative and postoperative renal function, anaphylaxis, and wound breakdown. Our re-review of the patient data included detailed analysis of operative reports, anesthesia records, physician and nursing notes, and laboratory values, carefully searching for any signs of wound breakdown, anaphylaxis, or renal dysfunction.
All procedures were performed at a freestanding children's hospital and included patients' ages, ranging from 1 day to 24 years. This was a primarily pediatric population, with the exception of a few adults who could not be transferred during acute shunt malfunction.
Bacitracin powder was systematically applied to all shunt wounds prior to closure between 2008 and 2013, whereas no antibiotic powder was applied to wounds prior to 2008. When bacitracin powder was used in this study, it was placed in all wounds but not in a precise dose-dependent manner. Our intent was to fill each wound completely with bacitracin powder. Typically, an entire bottle (50,000 units) was dispersed among the wounds of children of adult size, while smaller doses were used for infants. For neonates and young children, approximately one-half of a bottle (25,000 units) was required to fill the wounds.
For mini-open laparotomies, the rectus sheath was closed prior to bacitracin powder administration to avoid intraperitoneal contamination. Please refer to our previous study for the precise surgical technique. 4 Renal function was determined by recording preoperative creatinine and estimated glomerular filtration rate (eGFR) and comparing those values to both the immediate postoperative and 3-month follow-up. The glomerular filtration rate was estimated using the modified Schwartz estimating equation [eGFR = (0.413 × height [in cm])/ serum creatinine (mg/dl)]. 26 Preoperative creatinine and eGFR were defined as values obtained within 2 days of surgery; immediate postoperative creatinine and eGFR were defined as values obtained within 1 week of surgery; and delayed creatinine and eGFR were defined as values obtained at approximately 3 months (± 1 month) after surgery. Creatinine values were derived from review of the medical records, reflecting blood levels that were routinely measured in the course of the patients' routine medical care. No effort was made to measure additional levels for the purpose of this study.
All inpatient and outpatient records were carefully scrutinized for any clinical notes from nephrology within 1 year of surgery. If there were any notes from nephrology, they were analyzed for any suggestion of new renal dysfunction after surgery.
statistical analysis
Data were analyzed to compare changes in creatinine and eGFR between the different time periods within and between the 2 treatment groups (bacitracin powder vs no bacitracin powder used). Numerical variables were compared using the Wilcoxon-Mann-Whitney test and categorical variables were compared using chi-square or Fisher's exact tests. Multivariate linear regression models were used to assess the effect of the following factors on the change in creatinine at 1 week and at 3 months when compared with creatinine before surgery: age, sex, operation performed on a premature infant within the first 90 days of life, number of shunt operations within 90 days of index operation, operative time, use of intrathecal vancomycin and gentamycin, and use of bacitracin powder. This multivariate analysis was designed a priori, based on the analyzable factors that were believed could influence renal function and/or have been described in previous studies to be related to renal function in this setting. We did not report a similar multivariate analysis of eGFR because there was so much missing data related to height in the control group. All statistical analyses were performed using SAS (version 9.3, SAS Institute Inc.) and p values < 0.05 were considered statistically significant.
results
Our database contained information on 597 shunt procedures (initial and revision) performed by the corresponding author between 2001 and 2013. Three hundred eightynine patients underwent surgery without bacitracin powder and 208 had concentrated bacitracin powder applied to the wounds prior to closure. Renal function was measured preoperatively (n = 237 for controls, n = 172 for bacitracin), immediately postoperatively (n = 320 for controls, n = 98 for bacitracin), and at least 3 months postoperatively (n = 104 for controls, n = 77 for bacitracin) in both the historical control group (no powder) and the bacitracin powder group. It is atypical for these values to be measured in a pediatric population, but when available, they were recorded. This is noted in Table 1 , in which varying numbers of patients were evaluated for renal function (range 6-320 patients). There were no statistically significant differences in the demographics between the patients who did and did not receive bacitracin powder (including baseline renal dysfunction or the incidence of spina bifida), except for more frequent use of intrathecal vancomycin and gentamycin in the patients who received bacitracin powder (Table 2) . Intrathecal antibiotics always included both vancomycin and gentamycin given dose-dependently: if the patient was less than 3 months of age, 5 mg of vancomycin and 1 mg of gentamycin were given; if the child was older than 3 months, 10 mg of vancomycin and 2 mg of gentamycin were given.
comparison of creatinine and egFr between the control and bacitracin Powder groups at 3 different time intervals
There were no statistically significant differences in creatinine when comparing levels drawn before surgery, within the first week of surgery, and at 3 months after surgery. This was a consistent finding when comparing the overall results. However, when stratifying the data according to whether bacitracin powder was administered, there was a significant difference in the values found within the first week of surgery (median 0.50 in the control group vs 0.41 in bacitracin powder group; p < 0.001; Table 1 ). When performing the same analysis with eGFR, there were no statistically significant differences in eGFR when comparing the eGFR levels between the groups at any time interval (Table 1) .
comparing the change in creatinine and egFr between the control and bacitracin Powder groups When calculating the change in creatinine for each patient over time, there were no statistically significant differences when comparing the patients who had bacitracin powder to those who did not (Table 1 ). For patients who had creatinine levels before and after surgery, the median change in creatinine in the control group (no powder) immediately after surgery and at 3 months was zero. In patients who received bacitracin powder, there was no increase in creatinine in the immediate postoperative period and a median decrease of 0.01 mg/dl at 3 months when compared with their levels drawn before surgery (Table 1) .
Calculating eGFR requires not only creatinine levels but also the patient's height. Because height measurements were often not recorded in the early cohort (no powder), comparisons of eGFR between patients who did and did not receive bacitracin powder are limited. Given these limitations, when analyzing the change in eGFR for each patient over time, the median eGFR remained unchanged in the control group in the initial postoperative period but it increased by 2.62 ml/min in the patients who had bacitracin powder (p = 0.12). At 3 months, the median eGFR decreased in the control patients (no powder) but increased in the patients who received bacitracin powder. Unfortunately, the limited height data available from the control group limits the conclusions that can be drawn regarding changes in eGFR (Table 1) .
comparing renal Function between Participants who received intrathecal antibiotics within the bacitracin Powder cohort
Few patients received intrathecal antibiotics within the bacitracin cohort (n = 21). This relatively small sample size leads to very limited conclusions. Notwithstanding, there was no significant change in renal function defined by creatinine and eGFR between the preoperative state and both the immediate postoperative period and 3-month follow-up for either the intrathecal antibiotic subgroup or the nonintrathecal antibiotic subgroup (Table 3) .
multivariate analysis of Factors related to a change in creatinine
Lastly, as part of an a priori hypothesis, a multivariate analysis of all patients was performed to determine if other factors could contribute to a change in creatinine from the preoperative value to both the immediate postoperative and delayed postoperative values (Table 4) . Once again, due to the unpredictable pattern of collecting renal function values in these patients, our sample size was only 290 at 1 week and 145 at 3 months. Only surgery performed on a premature infant within the first 3 months of life was associated with a significant change in creatinine at 3 months compared with the level before surgery (p < 0.0001). The use of bacitracin powder was not significantly associated with a change in creatinine at either time interval in this model.
Post hoc analysis
To determine a change in creatinine in the first week after surgery, with 290 participants included in the multivariate linear regression and 8 predictors, we had greater than 90% power to observe a change of 0.02 in creatinine with a standard error of 0.02 at the 2-sided a level of 0.05. To determine a change in creatinine after the first 3 months of surgery, with 145 participants included in the multivariate linear regression and 8 predictors, we had greater than 90% power to observe a change of 0.02 in creatinine with a standard error of 0.02 at the 2-sided a level of 0.05.
nephrology consultations for new renal dysfunction after surgery
Only 2 patients had a new nephrology consultation after their shunt operation, neither of which was related to new renal dysfunction after their operation. One patient was evaluated by a nephrology specialist because of recurrent urinary tract infections and the other was examined because of chronically low bone mineral density.
discussion
Our group began applying concentrated bacitracin powder to all CSF shunt wounds more than 6 years ago. Our retrospective analysis of shunt infection over 10 years, divided between periods when bacitracin was and was not used, suggested that a reduction in shunt infection was at least partially associated with the use of bacitracin powder. 4 However, given the limitations of a retrospective study, prospective controlled trials are required before this practice can be broadly recommended. We conducted the analysis in this report to further study the possible complications associated with applying high-dose bacitracin directly to surgical wounds prior to closure. This safety information is important for future studies.
Our current study confirmed both our clinical impression and preliminary analysis, i.e., that the application of concentrated bacitracin powder in high doses was not associated with anaphylaxis or an increased rate of wound breakdown or renal dysfunction. Both comparative and multivariate analyses showed that bacitracin powder was not associated with an increase in creatinine (Tables 1   table 2 and 4). Furthermore, a significant change in creatinine was only associated with premature infants undergoing surgery in the first 90 days of life. This finding of significant fluctuations in creatinine in premature infants is not surprising, considering the dramatic changes in creatinine that normally occur shortly after birth. 8 To our knowledge, this is the first study to systematically analyze the safety of high-dose bacitracin powder applied to surgical wounds prior to closure. Our analysis of wound breakdown and anaphylaxis was straightforward, but the analysis of renal function was more difficult because of the retrospective nature of this study. The greatest limitation of our study is related to the large number of missing creatinine levels, which are not uniformly drawn on all patients undergoing shunt surgery, before or after the operation. Our sample size varied greatly, ranging from 6 to 320 (Table 1) . It is theoretically possible that patients might have developed renal dysfunction without a creatinine level being drawn within 3 months of surgery. However, we believe it is unlikely given that no patient had a nephrologist consultation for new renal dysfunction after surgery.
Another limitation to our study is related to the way we measure the effect of bacitracin on the kidneys. While the measurement of creatinine is the most widely used marker of renal function, it is an imperfect marker. 8 For example, it is not sensitive to small changes in renal function and is linked to muscle mass and body weight, which can vary greatly in newborns. 8 Estimating the glomerular filtration rate, on the other hand, takes patient height into account and is believed to be a better measure of renal function. Unfortunately, patient heights were rarely recorded in the control group, which consisted of patients who had surgery in the early 2000s, when electronic medical record entries were less robust than they were in the later cohort. This resulted in a significant amount of missing data for the eGFR in our historical cohort. However, when we strictly analyzed patients who only received bacitracin powder, who underwent surgery more recently and consequently had their heights routinely recorded, their average eGFRs actually increased during the 3 months after surgery (Table 1). The potential for nephrotoxicity has been documented with both intravenous and intramuscular administration of bacitracin. [18] [19] [20] 23, 30 Ericsson et al. also evaluated its use in peritoneal lavage for preventing laparotomy infections. In their small series of 9 patients, 50,000 units of bacitracin was mixed with 200 ml of normal saline and used as lavage in the peritoneal cavity. Peak concentrations after 15 minutes exceeded that of intramuscular doses and were tantamount to intravenous administration of bacitracin. 7 Consequently, they recommend extreme caution when using bacitracin in the peritoneal cavity. Bacitracin has been essentially abandoned as a systemic antibiotic and promoted for local use.
In our study, it was common for 50,000 units of bacitracin to be dispersed among all the shunt wounds in each patient. Although we did not directly measure serum levels of bacitracin (this lab value was not available at our institution), there were no significant clinical effects encountered with its local administration. This is not surprising given the location and size of shunt wounds. The majority of bacitracin powder was placed in the subgaleal space of the small cranial wounds after meticulous hemostasis was achieved. Even with the potential of tracking along the shunt tubing, a significant amount of systemic absorption is still unlikely to equal that of intramuscular or peritoneal absorption due to the nature of the tissue in which the shunt resides.
Both the trocar technique and mini-open laparotomy technique were used for peritoneal placement of the distal catheter. For the trocar method, the incision is just too small for a significant amount of bacitracin powder to track into the peritoneum, and for the mini-open laparotomy technique, bacitracin was only applied after the rectus sheath was closed. Therefore, no significant amount of powder could reach the peritoneal cavity.
conclusions
The use of local bacitracin powder in CSF shunt wounds was not associated with anaphylaxis, wound breakdown, or renal dysfunction. Further study using standardized protocols is necessary before widespread use of bacitracin powder can be recommended.
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